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ABSTRACT 

We report on UV and X-ray spectroscopy and broad-band optical observations of the ultraluminous 
X-ray source in Holmberg II. Fitting various stellar spectral models to the combined, non-simultaneous 
data set, we find that normal metallicity stellar spectra are ruled out by the data, while low metallicity, 
Z — 0.1^0, late 0-star spectra provide marginally acceptable fits, if we allow for the fact that 
X-ray ionization from the compact object may reduce or eliminate UV absorption/emission lines 
from the stellar wind. By contrast, an irradiated disk model fits both UV and optical data with 
X^/dof = 175.9/178, and matches the nebular extinction with a reddening of E{B~V) = 0.05too4- 
These results suggest that the UV/optical flux of Holmberg II X-1 may be dominated by X-ray 
irradiated disk emission. 

Subject headings: accretion, accretion disks - black hole physics ~ galaxies: individual: Holmberg II - 
X-ray: binaries 



holes with beamed emission 
or m super Eddingto n accretion 



1. INTRODUCTION 

Ultraluminous X-ray sources (ULXs) are off-nuclear 
compact X-ray sources whose luminosities exceed 
the Eddington limit (3 x 10^^ erg s'^) of a 20 Mq 
black hole. Thus ULXs may be intermediate-mass 
black holes that bridge the gap between stellar-mass 
and supermassive black holes (iColbert fc MushotzkyI 
[1991 [MakishimariEil] [2000l: iKaaret et all 120011) 
or stellar-mass b lack 

(IKing et al.l [200l .. 

states (iWatarai et al.l [200lt lBegelman|[200l . Please see 
iFeng fc Sorial ( 201 If ) for a comprehensive review. 

The accretion disk and the companion star could both 
contribute to the optical flux of ULXs. Determination 
of which component is dominant should help understand 
the physical nature of ULXs. If the optical light is dom- 
inated by the companion star, then the flux should be 
steady and the spectrum should match that of known 
stars. In this case, the black hole mass may be obtained 
via optical radial velocity measurements. If the accre- 
tion disk emits most of the optical light, then optical 
variability is expected and the spectra would likely be 
similar to those of low-mass X-ray binaries. For a few 
ULXs, multiwavelength spectra have been employed to 
distinp:uish stellar versus disk emission ( Kaaret fc Corbell 
[2009: Bcr ghea et al.ll2Q10al: iGrise et al.ll2012[ ). 

Holmberg II X-1 has a bolometric lum inosity up to 
- 3 X 10^° erg s'^ (jGrise et al.l [20Tol). It is sur- 
rounded by optical and radio nebulae (jPakull et al.ll2002l : 
[Miller ct al. 2005) and has a distance of 3.05 Mpc 
(JHoessel et al.l 119981 ). The morphology of the optical 
emission lines dem onstrates that the optical nebula is 
X-ray photoionized ([Kaaret et al.|[2004l) . The true X-ray 
luminosity of Holmberg II X-1 inferred from the flux of 
high- ionization lines in the nebula. He II and [O iv], is 
similar to that estimated directly from the X-ray obser- 
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vations assuming li ttle beaming and i s truly in the ultra- 
luminous regime (.P'^ flet all (2002[: IKaaret et al.l 120041: 



IBerghea et al.ll2010bf ). 

A point-like optical counterpart to Holmberg II X- 
1 is detected within the nebula. Its absolute mag- 
nitude Mv and B — V color are similar to stars with 
spect ral types between 04V and B3Ib ([Kaaret et al.l 
I2004D . Moreover, the UV fluxes observed by the XMM- 
Newton/Optical Monitor (OM) an d GALEX are con - 
sistent with a B2Ib supergiant (Be rghea et al.l [2010a[) . 
although due to the poor spatial resolution of the OM 
and GAL EX, the spectral energ y distribution (SED) ob- 
tained bv IBerghea et al.] ([2010af ) may be highly contam- 
inated by the nebula and nearby stars (see Figure [T]) . 
Holmberg II X-1 exhibits only moderate optical variabil- 
ity, thus a stellar origin of optical flux is consistent with 
the UV and optical results to date. However, the optical 
flux of most UL Xs appears to be dominated by an X-ray 
irradiated disk (|Tao et al.ll2011[ ). Here, we present new 
results on the ultraviolet spectrum of Holmberg II X-1 
and combine them with previous results on broadband 
optical photometry and X-ray spectroscopy to attempt 
to determine the nature of the optical/UV emission. The 
observations and data analysis are described in § [2l and 
the results are discussed in § [3| 

2. OBSERVATIONS 

2.1. XMM X-ray Data 

Using SAS 11.0.0, we extracted a spectrum from XMM 
European Photon Imaging Camera (EPIC) PN data ob- 
tained on Aprfl 10, 2002 (ObsID 0112520601). We found 
no background flares in the 10-15 keV light curve. The 
good exposure was 4.7 ks after filtering events with 
FLAG = and PATTERN < 4. Holmberg II X-1 ap- 
pears near the CCD gap in the observation, thus the 
spectrum was extracted in a region centered the source 
with a moderately small radius of 29". Background was 
estimated using a circular region near the source and 
subtracted. The spectrum was grouped to have at least 
100 counts per bin. 
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Fig. 1. — HST images around Holinberg II X-1. The left panel is the direct image in the F165LP filter and the right panel is the 2D 
spectrum observed using the PR130L prism. The solid circle shows the ~ 1" spatial resolution of the XMM-Newton Optical Monitor. The 
arrows have a length of 1". 



2.2. HST Ultraviolet Data 

We used observations obtained with the Hubble Space 
Telescope (HST) to avoid nearby stars, and reduce con- 
tamination from the nebula. Holmberg H X-1 was ob- 
served using the prism grating PR130L of the Solar Blind 
Channel (SBC) of the Advanced Camera for Surveys 
(ACS) on November 27, 2006 with an exposure time of 
5110 s. For comparison, we also examined an image taken 
with the F165LP filter (with no prism). The field around 
the source in the F165LP filter and the PR130L prism 
are shown in Figure [TJ 

The PR130L prism covers from ~ 1250 A to - 1800 A, 
and has a nonlinear resolution varying from ^ 2 A/pixel 
at 1250 A to - 20 A/pixel at 1800 A. The initial position 
of the object was taken from the direct image F165LP 
filter. Then, using the extraction software aXe 2.1 pro- 
vided by Space Telescope Science Institute (STSI), the 
spectrum was extracted with a narrow extraction aper- 
ture with a width of 8 pixels in order to exclude counts 
from two adjacent stars, labeled as "Star 1" and "Star 
2" in Figure m 

In order to check the spectrum extraction, we com- 
pared with the source spectrum from the PR130L prism 
calculated using aXe to the source flux in the F165LP 
filter at its pivot wavelength calculated using the calibra- 
tions in the SYNPHOT package in IRAF. Unexpectedly, 
the flux in the F165LP filter was ^ 30% larger than the 
flux in the PR130L spectrum from aXe. The same devi- 
ation also appears upon checking another source, NGC 
1313 X-2. Furthermore, when we extracted a PR130L 
counts spectrum using aXe then converted it to fiux using 
SYNPHOT, we found that the flux was about 30% higher 
than that calculated using aXe directly. Thus we suspect 
there is a systematic deviation between SYNPHOT and 
aXe 2.1. The flux conversion of PR130L in aXe is done 



using sensitivity curve in iLarsenl (|2006[ ). however, a new 
ACS SB C throughp ut curve has been adopted in SYN- 
PHOT ()Boffi et al.il2008[) . Comparing the two curves, 
there are dramatic deviations at wavelengths below 1270 
A and above 1750 A, and the sensitivity at 1250 A is a 
factor of ~ 4 lower than that at 1300 A. Therefore, in this 
paper, fiux conversion was performed using the newest 
calibration file in SYNPHOT, and we adopted 1300 A 
as the short wavelength cut-off, and 1750 A as a conser- 
vative long wavelength cut-off. We noticed that, du ring 
the review process of the paper, iFelberg et al.l (J2012D re- 
ported the identification of a N v 1240 A line in the same 
data. This feature is insignificant, more like large fiuctua- 
tions around a baseline, if we use SYNPHOT to calibrate 
the flux. The potential large uncertainty of the sensitiv- 
ity curve prevents reliable detection or characterization 
of any lines at these short wavelengths. 

2.3. HST Optical Data 

There are several HST optical observations of Holm- 
berg II X-1 available. We selected ACS Wide Field 
Camera (WFC) and Wide-Field Planetary Camera 2 
(WFPC2) wideband filter data: ACS F814W (I band) 
data on January 28, 2006 and December 30, 2006, 
WFPC2 F336W (U band) data on February 9, 2009; 
F450W (B band) and F555W data (V band) on October 
3, 5 and 9, 2007. Using the APPHOT package of IRAF, 
we performed aperture photometry with an aperture of 
0.2" (4 pixels) on the ACS archival dithered images. For 
the WFPC2 data, point spread function (psf) photome- 
try was executed on calibrated science (cOf ) image using 
HSTPHOT l.lQ. Conversion to fiuxes was done using 
SYNPHOT. 

^ Available at: |http://purcell. as. arizona.edu/hstphot/] 
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Fig. 2.— Optical fluxes of Holmberg II X-1 for the available HST 
observations. 

The optical counterpart of Holmberg II X-1 shows 
moderate variability of no more than 0.07 mag, see Fig- 
ure [51 Fitting to a constant flux in each band, the x^ are 
2.8, 3.9 and 0.0 for 3 observations of F450W, 4 observa- 
tions of F555W and 2 observations of F814W band. We 
note that the surrounding optical n ebula contributes to 
the uncertainty in the photometry. iKaaret et al.l (120101 ) 
found that the BVI fluxes for NGC 6946 ULX-1 in- 
creased by about 30% without nebular background sub- 
traction. Therefore, we compared fluxes with and with- 
out nebular subtraction. For F814W, F555W, F450W 
and F336W band, the flux increases by -- 17%, 45%, 
50% and 27%, respectively, without nebular subtrac- 
tion. Here, we adopt the nebular background subtracted 
flux with an uncertainty of ±20%, or ±0.2 mag. This 
uncertainty is much larger than the time variation of 
< 0.07 mag. Thus, using the average flux of these non- 
simultaneous observations in data fitting is reasonable. 
The photometry results in units of erg cm^^ s^^ A^^ are 
(2.71 ± 0.54) X 10-18 for F814W, (7.74 ± 1.55) x lO'^^ 
for F555W, (1.34 ±0.27) x lO^^^ for F450W and (2.70 ± 
0.54) X 10-1^ for F336W. 

2.4. Stellar Models 

Inferred f r om t he My and B — V quoted in 
IKaaret et al.l ([2004), the optical counterpart of Holm- 
berg II X-1 is consistent with a star with spectr al type 
between 04V and B3Ib. IBerghea et all (|2010aD found 
that the UV fiuxes observed by the XMM-Newton/OM 
and GALEX are too low for an 05V star, but agreed 
with a B2 lb supergiant. In their following work, an 05V 
companion star was excluded because such a star would 
produce high-io nization line fluxes in the nebula larger 
than observed (jBerghea et al.l l2010b( ) . Relying on the 
My and color of each quasi-simultaneous HST observa- 
tion discussed above, the most likely stellar t ype varies 
from 09Ib to B7I in different observations ()Tao et aLl 
120 lit ). Here, our UV and optical data are used to test 
the stellar types of 08Ib, BOIb, B2Ib, B5I b and 05V. 

Usin g high resolution X-ray spectroscopv. I Winter et aP 
(|2007D found an oxygen abundance for Holmberg II X-1 
near the solar value and an iron abundance well above the 
solar value. In contrast, based on optical spectroscopy of 
H II regions. , Richer fc McCalL ( (1995. ) found a low oxygen 







TABLE 1 








Spectral Model Fits 




Model 


E{B - V) 


Distance 

(Mpc) 


xVdof 


xVdof 
(w/o C iv) 


Diskir 


nnt^+o-os 




175.9/178=' 




Solar metallicity, Rv = 3.1 


08Ib 


0.211 ±0.008 


9 c;o+0.73 
^■^■^-0.60 


232.6/67 


123.1/56 


BOIb 


0.129 ±0.008 


r, oc:+0.68 
^■■'''-0.55 


476.8/67 


318.5/56 


B2 lb 


0.030 ± 0.007 


9 r,c-+0.65 


583.5/67 


313.4/56 


B5 lb 


-0.191 ±0.008 


041+0.99 
■^■^^-0.81 


500.9/67 


372.9/56 


05 V 


0.230 ± 0.008 


1 01+0.53 
^■°^-0.43 


167.9/67 


98.8/56 




Metallicity 


Z = O.IZq 






08I 


0.103 ±0.003 


40+0.95 


116.7/67 


85.6/56 


BO I 


0.068 ± 0.003 


9 SQ+0-81 
^■^9-0.65 


160.3/67 


114.7/56 


B2 I 


0.034 ± 0.003 


r, 04+0.65 


196.5/67 


121.2/56 


B5 I 


-0.040 ± 0.003 


2 04+0.65 


280.8/67 


223.8/56 


05 V 


0.111 ±0.003 


4c:+0.69 


105.3/67 


83.7/56 



Note. — Negative value of E(B — V) means the unabsorbed 
stellar model fluxes are redder than the observed optical/UV data. 
The last column is for fits excluding the C IV region (1500—1600 
A). ^ Fitting with both X-ray and UV/optical data. 



abundance, corresponding to a metallicity of Z = 0.17Zq 
for the gala xy, where Zp, is the solar abundance as es- 
timated by lAsplund et al.l ()2009() . To be conservative, 
we considered both solar metallicity stellar models and 
low metallicity, Z = O.IZq, stellar models. Referred to 
the metallicity, effective temperature, and surface gravity 
(iStr aizvs et al.lll981l: rSchmidt-Kaler" 1982HMartins et al.l 
2005), model spectra were selected from t he ste llar at- 
mospheres models of "Castelli fc Kurucd (|2004[ ). The 
model spectra were normalized using the a bsolute magni- 
tude o f the corresponding stellar type from lStraizvs et akl 
(fT98l . 

Since different distances ha ve been report e d for H olm- 
berg II, e.g. 3.05 Mpc in Hocssel et al. (1998) and 
3.39 Mpc in iKarachentsev et al. (2 002 ), distance was 
adopted as a free parameter, but flts were excluded if 
the distance obtained was unreasonable. The standard 
deviation on the absolute magnitude of Ga lactic O super- 
giants given a spectral type is 0.45 mag ([Martins et al.l 
[2005). Also, Crowther (2004) reported a scatter of 0.5 
mag for OB stars. Thus, a typical uncertainty of 0.5 
mag on the normalization was adopted for various spec- 
tral types, which was translated into uncertainties of the 
inferred distances. 

We adopted the extinction ElB — V) as another free 
parameter. For solar metallicity models, the redden- 
ing curves of iCardelli et al.l (|1989D were used in fitting. 
Rv = 3.1 was assumed in the fitting. However, it 
could be much larger than that in a particular case. 
For e xample, it was found that Ry =^ 4 — 6 f or LMC 
X-1 (jBianchi fc Pakulll 119851: lOrosz et al.l [20091) despite 
a mean value of 3. 1 in the Large Magellanic Clouds 
([CardeUiet al.lll989D . We thus tested the fits with Ry 
varying from 3.1 to 6, and the x^ increases along with 
Ry roughly, with Ax^ = 2.7 (90% confidence level) at 
Ry w 3.4. Therefore, Ry = 3.1 is preferred and adopted 
in the fitting. For low metallicity models, we fixed the 
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Fig. 3. — UV and optical SEDs with the diskir model and the solar nietallicity stellar models for Holmberg II X-1. Upper panels show 
the absorbed data and models. Lower panels show the residuals in unit of a. 



UV/Optical from Holmberg II X-1 



OS 

o 



-15.0 
-15.5 

-16.0 

-16.5 

-17.0 

-17.5 

-18.0 

2 
b 
-2 
-4 
-6 
-15.0 

-15.5 

^ -16.0 

E 
o 

'« -16.5 

3- 

uT -17.0 

D) 

O 

-17.5 

-18.0 

f 
2 
b 
-2 
-4 
-6 
-15.0 



-15.5 - 




-H , , 1 , , , h 



Diskir model 




08 1b 






-H h 



-H h 



BOIb 




B2lb 




7^ 



XXX X 



Xj^ 



H — I — I — I — h 



o 



-16.0 
-16.5 
-17.0 

-17.5 

-18.0 

§ 
2 

to 
-2 
-4 
-6 



-H h 



B5 1b 




05 V 




*^ 



3.0 



3.2 



3.4 3.6 

log[A (A)] 



3.8 3.0 



3.2 



3.4 3.6 

log [A (A)] 



3.8 



Fig. 4. — UV and optical SEDs with tlie diskir model and the low-nietallicity stellar models. 
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objects are shifted downward by 0.5 X 10 erg cm s 



for 



clarify, 
line. 



A dashed vertical line indicates the position of the C IV 



Galactic extinction to 0.032 (jSchlegel et al.l 11998^. and 
then fit the extinc tion within H o lmber g II adopting the 
reddening curve of iPrevot et al.l (|1984D . 

The spectral energy distributions (SEDs) and the 
residuals in units of a are shown in Figure [3] and Fig- 
ure SI The extinction, distance and x^/dof are reported 
in Table m 

Figure [5] shows the prism spectra of Holmberg II X-1 
in the wavelength range of 1300 - 1750 A. The spec- 
tra of two nearby isolated sources (Object 1: R.A.= 
08hl9'"28^71, decl. = +70°42'35.3"; Object 2: R.A. 
= 08''19'°27".80, decl. = -h70°42'08.0", J2000.0), with a 
count rate higher than 3 counts s~^ in 1300 - 1750 A are 
also plotted for comparison. The UBV colors and magni- 
tudes are consistent with an 08 lb supergiant for Object 
1, and consistent with an 06 V dwarf for Object 2. They 
show prominent C IV absorption lines as predicted, while 
this line is absent in the ULX spectrum, with a 90% up- 
per limit on the equivalent width of 0.4 A estimated by 
fitting the spectrum with an absorption Gaussian with 
fixed centroid (1550 A) and width (14 A) plus a power- 
law continuum with parameters derived outside of the 
line region (1500-1600 A). In Tabled we also list the 



X^/dof obtained from fitting the observed spectra with 
the C IV region removed. 

2.5. Irradiated Disk Model 

To examine the possibility that the UV/optical flux 
of Holmberg II X-1 originates from an X-ray irradi- 
at ed disk, we used the irradiated disk model, diskir 
of iGierlinski et all (|2OO90 . In the model. X-rays are pro- 
duced in a standard thin disk and in a Comptonizing 
corona. The X-ray bright inner disk illuminates the outer 
disk and the Compton component illuminates the whole 
disk outside a given radius. This illumination increases 
the temperature of the outer disk and enhances its emis- 
sion of optical and UV photons. There are nine parame- 
ters in diskir model. They are the un-illuminated inner 
disk temperature fcTm, the power-law photon index F, 
the electron temperature T^ of the Comptonizing corona, 
the ratio of fiux between the Compton component and 
the un-illuminated disk Ld Ld, the fraction of Compton 
emission thermalized in the inner disk /i„, the inner- 
most radius illuminated by the Compton tail in terms 
of the inner disk radius rirr, the fraction of bolometric 
flux thermalized in the outer disk font, the outer disk 
radius in terms of the inner disk radius \og{rout) and the 
normalization norm. We adopted the wabs and redden 
models in Xspec to recover the X-ray and UV/optical 
absorption, respectively. Independent parameters of X- 
ray absorption versus optical extinction are used because 
the extinction derived from the X-ray absorption is found 
to be systematically higher t han the extincti on inferred 
from nebular hues for ULXs (|Tao et al.ll201lD . 

Te and rirr could not be well constrained by the fit, 
thus we fixed T^ = 100 keV and rjrr = 1.1 following pre- 
vious papers (I Gierlinski et al.l 120091 : IZurita Heras et ahl 
120111 ). Changing rirr from 1.1 to 1.3, other model pa- 
rameters change only slightly. Similarly, fin was frozen to 
0.1. There are two local minima for kTin in the fit, ^ 0.18 
and ~ 0.10. The difference in x^ between these two min- 
ima is about 1.7. We fixed kTin = 0.18 in the fit, then 
unfroze it to get its overall uncertainty. A good fit with 
X^/dof = 175.9/178 was obtained in Xspec. Considering 
only the UV and optical data, this fit produces a x^/dof 
of 80.3/68. Figure [6] shows the unabsorbed spectra from 
X-ray to UV/optical band with the best-fitting diskir 



model. The fitting results are: E{B — V) - 
Nh = 1-O8to:i4 X 10^1 cm-2, fcr,„ = 0.09 

p — o /1O+0. 



-0.04' 



-^•42-0 08' ^cl Ld 

-1-0.06 

-0.06 



-, 07+0.24 f 
J^-'J/_o.19j Jout 



0.05: 



-0.24 keV, 

^■^^'-O.OlOi 



log(ro„t) = 3.51 



and 



= 217+tfi. In order 



-36- 



to compare with the stellar models, UV/optical spectra 
and a with diskir model are plotted in Figure |3] and EJ 

E(B -V) and yVdo f are hsted i n Table ffl 

In lFeng fc Kaaretl (|2009D and Glad stone etldl (gOO^, 
the electron temperatures of Holmberg II X-1 are be- 
tween 2 and 3 keV. Therefore, we fixed T^ at 2 keV, 
keeping rirr = 1-1 and fin = 0.1, and then fitted 
the spectrum again. A good fit was obtained, with 
X^/dof = 177.9/177, and there is only one minimum 
for kT,n. The fitting results are: E{B~V) = 0.05lJS;g^, 
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Fig. 6. — The unabsorbed spectra from X-ray to UV/optical band with the best-fitting diskir model. 



normalization decreases by a factor of '^ 2; other param- 
eters are not affected significantly. 

3. DISCUSSION 

The results of fitting the UV and optical spectral en- 
ergy distribution (SED) to stellar models are summa- 
rized in Table [T] Wc first consider the continuum fits, 
excluding the region around the C iv region (1500-1600 
A) , listed in the rightmost column of Table [1] The so- 
lar metallicity stellar models produce poor fits. The 
05V stellar model produced the best, yet still unac- 
ceptable, fit with x^/dof — 98.8/56, but fitted distance 
of 1.8llo!43 Mpc is unacceptable and IBerghea et al.l 
()2010bD find that such a star would over-produce the 
high-ionization lines observed from the nebula. The 
other solar metallicity stellar models produce very poor 
fits with x^/dof > 2. Thus, all the solar metalhcity 
stellar models are excluded. The low metallicity B-star 
models are also strongly excluded with x^/dof > 2. The 
low metallicity 05V model produced the best fi t , but is , 
again, excluded by the results of Bcrghc a et al.l ()2010b[ ). 
The low metallicity 05V model gives a marginally ac- 
ceptable fit, x^/dof = 85.6/56 corresponding to a chance 
probability of occurrence of 7 x 10^^. Thus, we conclude 
that the stellar models produce at best marginally ac- 
ceptable fits to the data. 



Holmberg II X-1 shows a relatively smooth UV spec- 
trum. In contrast, the stellar models show obvious ab- 
sorption lines between 1300 A and 1600 A, such as C iv 
in 08 lb, C iv and Si iv in BO lb, C IV, Si ii. Si iv and 
Si III in B2 lb. Si ill in B5 lb, and C IV in 05 V. The ab- 
sence of these lines in the observed spectrum contributes 
to large x^/dof when the full UV spectrum is included in 
the fits, see Table [1] and Figure |31 This effect is strongest 
for the solar-metallicity models, but still significant for 
the low-metallicity models. 

However, these stellar UV lines are produced mainly 
in winds and may be suppressed in the presence of a lu- 
minous X-ray source. X-ray photoionization will either 
create an ionized Stromgen hole around the X-ray source, 
the Hatchett-McCray effect (Hatchctt & McCray 1977), 
or completely eliminate the radiatively-driven w ind on 
the X -ray illuminated side of the companion ([Blondinl 
119941) . These effects have been observed in high mass X- 
ray binaries where the UV lines are generated in the wind 
with a P-Cygni profile (jvan Loon et al.l[2001l : lGies et al.l 
120081) and should be amplified in ULXs where the ioniza- 
tion degree is orders of magnitudes higher. Thus, stellar 
UV lines from ULX binaries should vary with orbital 
phase unless the binary is nearly face on. The lines 
should be absent when we view the X-ray illuminated 
side of the companion, and appear when we view the 
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part of the stellar wind shadowed from X-rays (jGies et alj 
I2008D . Therefore, the absence of C iv lines in a single ob- 
servation of a ULX cannot exclude a stellar origin of UV 
emission. Conversely, if the companions in ULX bina- 
ries are high-mass stars, then repeated UV observations 
should reveal absorption lines and provide information 
about the binary period. 

In contrast to the stellar models, the irradiated disk 
model fits well to both UV and optical data with 
X'^/dof = 175.9/178 and matches the nebular extinc- 
tion with a reddening of E{B-V) = 0.05+;];5]^. These 
results suggest that the UV/optical flux of Holmberg II 
X-1 may be primarily due to emission from an X-ray ir- 
radiated disk. The best means to definitively determine 
the physical nature of the emission may be spectral ob- 
servations around 2000 A where the deviations between 
the stellar and disk models are strongest or monitoring 
observations to search for variability, particularly in the 
UV. 

We note that low mass X-ray binaries, where the 
UV/optical emission is thought to be dominated by disk 
irradiation, tend to show significant C iv and other 
UV line emission d ue to photoionization (e.g. Sco X-1; 
iVrtilek et al.lll99ll) . The UV lines in these sources are 
thought to be generated in a disk corona where the den- 
sity is IQi^-lo" cm-3 (Raymond 1993; Ko & KaUma3 
Il994f ). ULXs with X-ray luminosities near 10**^ erg s~^ 
may have fully ionized the UV line emitting region, elim- 
inating the UV line emission in a manner somewhat 
similar to the Hatchett-McCray effect. Photoionized 
He II A4686 line emission has been observed in several 
ULXs, such as Holmberg IX X-1, NGC 1313 X-2, and 
NGC 5408 X-1, with variable profiles and velocity dis- 
pers ions up to ^ 900 km s~^ suggestive of a disk ori- 



inner radius i?i„ as 



gin fPakuU et al.l [20061: ICseh et al.l l20Tlt [Roberts et al.l 
|201l|)- Other ULXs, like NGC 5204 X-1 show neither 
He II nor C iv emission (jLiu et al.l 120041: [Roberts et al.l 
1201 ID . For Holmber g II X-1, the He ii A4 686 line is nar- 
row (~ 50 km s~^; iLehmann et al.l [2005^1 and is consis- 
tent with a nebular origin. He li emission is produced 
over a much b roader range of ionization states than UV 
line emission (iRavmondl 119931) . so a search for UV line 
emission from ULXs showing broad He ii emission might 
provide information on the profile of X-ray illumination 
on the disk. 

If the UV and optical emission from Holmberg II X- 
1 are, indeed, due to disk irradiation, then this would 
suggest that the X-ray emission is due to a standard 
thin accretion disk. In this case, the normalization of 
the thin disk emission is directly related to the size of 
the accre tion disk and, therefore , the black hole mass. 
Following IMakishima et all (|2000[ ). we calculate the disk 
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where ^ is a correction factor of 0.412 ([Kubota et al.l 
1998), K - 1.7 (Shimura & Takahara 1995) is the ratio of 
the color temperature to the effective temperature, D = 
3.05 Mpc is the distance, fboi = 5 x 10^^ erg cm~^ s^^ 
is the bolometric flux of the multicolor disk model and a 
is the Stefan- Boltzmann constant. Using the disk nor- 
malization found with the electron temperature fixed to 
100 keV, we find i?i„ =~ 5 x 10^ cm which corresponds 
to a mass of ^ 600Mq for a non-rotating black hole. Us- 
ing the normalization found for an electron temperature 
of 2 keV lowers the estimates to i?i„ =~ 4 x 10^ cm and 
a black hole mass of ~ 4OOM0. All mass estimates in- 
crease by a factor of 6 if an extreme Kerr black hole is 
assumed. 

The ratio of the outer versus inner disk radius in- 
ferred from the diskir model is - 3000 - 7000. This 
is larger than the ratio found in some ULXs, such as 
NGC 6946 ULX-1 NGC 1313 X-1 and NGC 5408 X- 1 
(jKaaret et aLllMa lYalig et al.l[20TTI : iGrise et aLllMl . 
but smaller than the ratio ^ 10'* of some Galactic sources 
(jGierlihski et al.l 120091 : fZurita Heras et al.ll2011f ). Using 
the inner disk radius calculated above, the outer disk ra- 
dius would then be ~ 10*^ cm. This is similar to the sizes 
esti mated for the ULXs NGC 1313 X-1 and Holmberg IX 
X-1 ( Yang et al.|[20lTI: iTao et al.|[20TT[ ). The fraction of 
reprocessed radiation, font ~ 0.0 2 — 0.06, is large r than 
that of Galactic X-ray binaries (jGierliiiski et al.l 12009') . 
A larger font indicates more flux is thermalized in the 
outer disk. This could be due to the fact that the disk 
temperature is lower, and thus produces softer X-rays 
which are more easily absorbed. The non-simultaneity 
of the X-ray versus UV and optical data could also affect 
the determination of font- 
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